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16n1N1389A328 carbon nanotubes (CNTs) UU substrates ﬁLﬂu 304
stainless steel WAZ glass slide Tne/l iron 1w catalyst ANEN"g spark a9M Fe Lﬁlﬂ
form 1w catalytic dots / islands Ineld 4-6 kv applied voltages NNN9daLAIIZI
CNTs 14 gas mixture @49 10 ml/s Ar 4ag 0.1 ml/s C,H, ﬁfqquﬁ 700 - 900 K {lu
a1 300 s LATAN®N effect VB9 oxide WAZ gold sputtering slan1gALInTes CNTs
wananTeslFdaaszf CNTs e multi-wall carbon nanotubes (MWNTS) Ut Fe,O,
painted copper sheets WAz NiO powder TAeINNg decomposition 184 ethanol ‘17{ high
temperatures WU electrical resistivity Al e /I ratio it dusy
catalyst-free substrates 18899194 carbon nanorods (CNRs) Ui filaments 184
vaen il 10 mis Ar finaufag 0.1 uaz 0.2 mis C,H, 7 900 K wudn field
emission 284 CNRs Hmdugenmdesiuannis  Fowler-Nordheim mmfum

ANBOULIANIZ8Y product wailaeld AFM, SEM, EDX, TEM, XRD, TGA ua

Raman analyzers



Abstract

Carbon nanotubes (CNTs) were grown on 304 stainless steel and glass slide
substrates using iron as a catalyst. lron wire was sparked to form catalytic dots /
islands using 4-6 kV applied voltages. The CNTs were grown in a gas mixture of 10
mi/s Arand 0.1 ml/s C,H, at a temperature range 700 - 900 K for 300 s. The effects
of oxide and gold sputtering on their growth were studied. In addition, the CNTs or
multi-wall carbon nanotubes (MWNTs) were synthesized on Fe,O, painted copper
sheets and NiO powder by the catalytic decomposition of ethanol at high
temperatures. The electrical resistivity was increased with the increase of the I/l
ratio. For catalyst-free substrates, carbon nanorods (CNRs) were grown on the
filaments of light bulbs in 10 ml/s Ar containing 0.1 and 0.2 ml/s C,H, at 900 K. Field
emission of the CNRs is in accord with the Fowler-Nordheim equation. The
products were analyzed using AFM, SEM, EDX, TEM, XRD, TGA and Raman

analyzers to determine their characteristics.
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ﬂuﬁ%\umm@ﬁuwu carbon nanotubes (CNTs) M#RN197AN® CNTs Auasing
n¥19mnne vnlimeudn ONTs  SamiEnvnawlannn  dusnunsarin iy
nanotip AU5U scanning tunnelling microscrope (STM) [1] , electron sources of
ultra-high  luminescence light-source device [2], interconnection of
nanostructures [3], household light bulbs [4], nanoelectronics [5], flat panel
displays [6], nanofilaments and nanobeads [7], single - walled carbon nanotube
(SWNT) buckypaper / epoxy resin matrix nanocomposites [8] LL@Z%ILL 7 ANAN
n13daAsnzyf CNTs MAuaneRs Wi chemical vapor deposition (CVD) [9-11],
graphite arc-discharge [12], electrophoresis [13], laser pulse power [14] LAy
hydmﬁhennal[15A6]Tmﬁlcxﬂ)Lﬂuﬁﬁﬁﬁﬂui%luﬂﬁiﬁhmﬁﬁ:ﬁ‘Chns AUNIN LAY
1 Fe, Co uaz Ni flu catalyst Tunszuqunng [10] SaasRmiiniLgunnsg
decomposition U84 carbon precursors, N19 diffusion U84 carbon atoms, N7
N1HA metastable carbides and graphitic sheets Way %Iu 7 [10] *Lumﬁﬁ'fﬂﬁ/ Y
YNNIANEINNIALATIZE CNTs U substrates THARNG 7] yanlguaslsidoald

catalysts Nelfidaulasing ) Ngun)ige AaeAAUTLATITTLAINANEIUZIANE

]
o

289 CNTs NduAszilail



nTNAaaN

Tneinnsld substrates 7ilu 304 stainless steel M1 polish #2gl 0.1 m
alumina Waz glass slides NAUNARBINIAINAZAIAAYE alcohol 1IN deposition
@17 catalysts tpein1g 14 applied voltage Tta9 4 - 6 kV %N spark Aogaam Fe
aid % 1 s dl Y a [ . L
NULARNIALRENANN 0.5 mm waliminadli Fe dots / islands Ul substrates AIULAAS

Tugiln 1

Fe Filaments

[ > =< ]
—
Substrate

9171 1. N3 spark a9, Fe willa substrate

wazdalild tungsten annlé&uaanlnin (12 v, 21 W) Ilu substrate Taan1g etch
Yael 48 % HF 1fluaan 5 s deBaatinndunazanlfiuisly ambient atmosphere
(neciiflaifecld catalyst daelunniaufen us etch el defect Mntuuu
W84 tungsten filaments)

v substrates fananafltluaauli high temperature reaction chamber Uay
lganAnanEag Ar a1niiu heat ansianeingly dynamic atmosphere 1484 10 ml/s

1%

Ar aunseiialfaungiaNAasnIsasNansiae 0.1 mlis C,H, AHuNNsduATIyt

q

CNTs iluaan 300 s (dmFunstiaas tungsten filaments 141% 0.2 mi/s C,H, fiag)

aniiastaanlif substrates Lfiuasganingiviaslu flowing Ar



wanantgl@nIn1sdaasnzf CNTs 438 multi-wall carbon nanotubes
(MWNTSs) tpelif ethanol 1AANNT decomposition Tie powders U84 iron oxide

. 4 e ada Y
WAz nickel oxide Fan1uUNLLlL catalysts Aot

lunsoiaes iron oxide catalyst MAUNU89NENTD4 iron oxide waz ethanol
paint U1 60 x 170 mm” copper sheets aniiudinuLAas sheet wazaanidnldlu

tube furnace AauanglugLly 2

=]

" ,
' 5 Fe,0,painted | Outlet
=i copper sheet |
L—' ]
% |’i:>-<[
E Furnace
T8
Ethanol bubbler Water vapor trap Reverse air flow
(Silica gel) protector
Argon (Paraffin bubler)

717 2 ununImuanIN19dLAzIl CNTs Taeld iron oxide 1w catalyst

#1N137 heat @13672¢19l1 flowing argon @uﬂixﬁaqquﬁtﬂu 650 °C A"t
Uaegldi argon Waenu ethanol Aadmsn 10 mi/s wunan 3 waz 6 h astass
copper sheet iuasgannniviaaluussenia argon AN treat ansFetns
Fagl HCI (1 M) azH product afﬂo’uﬁﬁ”uuu copper sheet

lunsolaes nickel oxide catalyst MEnN17d9AT1Z% CNTs 5@ multi-wall
carbon nanotubes (MWNTSs) Taerl3t 0.2 mi/min ethanol LAAN13 decomposition ‘17;
700 °C fluwnan 1-18 h wila 0.5 g nickel oxide powder ANLKNUNINULAANNIT

naaaslugii 3
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917 3. U INLAAINNIAAAIZE CNTs Taald nickel oxide 1lu catalyst

Wngnsmaeeenlimanitld  analyze #ae x-ray diffractometer  (XRD),
scanning electron microscope (SEM), energy dispersive x-ray (EDX) analyzer,
transmission electron microscope (TEM), atomic force microscope (AFM),

thermogravimetric analyzer (TGA) Was Raman spectrometer
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Stainless Steel Substrates
Fe-deposited dots

Tnenng L applied voltage WU 6 kV NN19 spark Al Fe Ui stainless

% o dl dp

steel (SS) substrates wazlfnaas AFM patterns Aauandlugily 4 lunnmaaall

1A . Qd” e ndIQ d’jd”do/ <

WLITN Fe-deposited dots LNATUY TAeINng deposition MAATURNANETLELTWLLL

irregular patterns LUNWA 1 Ilm x 1 LLm 284 substrates A1 root mean square

(RMS), mean roughness Waz maximum height 41%5UN13 spark A28A119UATS
1 o % % dl dl 1 1 1 dyd QI 491 QI d’l

N "'l ﬂuvl,mmmvlfﬂumm\‘m 1 DIHAAIINATNUANUNNITINNUUATNNITENNUUURN

AUILATIIUNIT spark WATLN9ASY dot waniiana slide lluu substrate 1i84a7n

sparking force AaLAnIlUgLIN 5 uaz dot MiNAATINAIENA collide il dot NIRRT

1 dl a o ¥ o 2 a o . P22 o
neuwazimaNAn WA 91119 dot Hanwoue iregular 18w
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gﬂﬁ 4. AFM patterns 184 Fe-deposited dots 1l 1 Lbm x 1 LLm stainless steel
substrates Tnein13 spark fael applied voltage winriu 6 kV iuanuau (n-9) 1, 2,

10 WAL 100 AFY ATNAAL



A13197 1. AN RMS, mean roughness Lag maximum height LU 1 Um x 1 WUm

dl ¥ o v o :// ! o
‘VIVLWVI’]ﬂ’]’i‘ spark AEANUIUATIAN U

Sparking RMS Mean Maximum
number values roughness height
(nm) (nm) (nm)
1 3.695 2.639 36.330
2 3.714 2.687 47.313
10 14.572 11.530 120.23
100 30.987 24.616 222.33

EMSc CMU. SEl 150KV X500 1um WD 143mm

gﬂﬁ 5. SEM image 184 Fe deposited dots 11 substrate 9 spark fogl applied

voltage 1AL 6 kV 1T1a1191 100 AFY



Tnain131% applied voltage WL 4, 5 waz 6 kV LEN1N1T spark a2m Fe 1w

a .

SS substrates A1U31 10 A3 LATALHUNNT section analysis {UIzeIzn1e 1 Um
panandlugiln 6 wudn patterns NleRanHUzTuLLL irregular Tag RMS #
applied voltage Winfiu 4, 5 uaz 6 kV Nl 11.038, 12.169 uaz 13.687 nm

o [ 1 1 | d”d 1 1 . dl v d’ja/
MINAIAL LAAdINANUANINANNEaRIuIsie applied voltage NI uananiie
WU91 height 284 dots ANMTIANTUAIN applied voltage MuLAEATLANWILATI Y

N9 spark LU

400 |
6KV
0
-40.0 |
450 |
5KV
e
=
=
o
D
£
-45.0 |
50.0 |
4k
0
-50.0 | , ,
0 0.25 0.50 0.75 1.00

Distance (um)

gﬂﬁ 6. Section analysis 284 substrates MAmRaINNIg spark a9 Fe el applied

voltages WinfiL 4, 5 1ae 6 kV 1Hua119u 10 A
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N1549LASIZ3 CNTs

a

NAA8YELATIZ CNTs LU SS substrate NHIHRNT deposition Aoeanm Fe
UuuEef 900 K dsngdn il CNTs finau wansdnlianunsadunsed CNTs
114 SS substrate Tngld# catalyst 15 A9l Fe filament T spark Ui substrates

a o

AzANHUNNIAUATIZE CNTs NYOMNREY AINAT8Y SEM images Tugii 7 Tag

= a a = 1 dl 1 [ Yo a 0I =
CNTs #nsdulnluynitanie Jgussuazavianuansnety uddngumgiazand
700 K ffamdi CNTs nndulétinadnties a1uauasalunig spark a1aldiunuin
1 a ndl = o 1 a o/ g Adl
siansLALleYes CNTs WauRaumaunusenigamnilunisdainsizid CNTs 7
700 K WAz 900 K Nslian CNTs NIU1AgUnInItinad maximum growth rate 9
700 K uaz 900 K HAtaeasuiilu 6.2 waz 16 nm/s Iaanuan growth rate A
gaulvaraguu)inlilunisdunsziuin Ngamnila o {919 CNTs AawIAdl

LAZENILAAIINENNNINETIATIRY CNTs N ldnsaniu

EMSec CMLL SEI 150KV ¥4,000 1,mn_ WD 14.0mm
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EMSc CMUL S 15.0kV  X10,000 Tpm WD 14.9mm

EMSc CMLL b1 00 Tpm WD 13.0mm

917 7. SEM images 184 CNTs d1mFuanuauaialunng spark waz goungilunig

NG FA N, i A4 (N) 1 A3/ 700 K, (1) 10 A5/ 700 K Laz (A) 10 AN / 900 K
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ANBUSLANIZARI CNT

1511 CNTs AdaLAsn=9i7l 900 K ldadlis beaker il deionized water &uging)
ultrasonic vibration Wazuem CNT-dispersed water Ui copper grid ﬁ”ﬂﬁuﬁﬂu
ambient atmosphere lFnannmaaesreds TEM image LAY selected area electron
diffraction (SAED) pattern ﬁaumﬂugﬂ‘ﬁ' 8 lunnImAaesiwLn surface 783 CNT
fdnwousiifuuuy iregular Gaugasiannallal perfect 189 CNT fiAnTY NaaAe
1senaumag defects waz disordering atoms LANANTIERINLIAN thickness 18481
CNT #ANszanns 16 nm way SAED pattern 1sznaufnenanan 4 efauriui
aanA&IuTzUIL (002), (101), (004) waz (112) TAEszWNL (002) H intensity 43
‘17;6;@ dleuleuidiauiu JOPDS software [17] az@anAaadniL carbon (hexagonal
structure) wasiilesann  diffraction rings Hanwouy diffuse  W@AIIN CNT

sznavfing defects LAy disordering atoms



30008
X50K

2000 kv 100 nm
3 CNT A3

C10012
100 cm
200.0 KV
CNTA1

(1)

917 8. (N) TEM image uaz (1) SAED pattern 4949 CNT 71

%

JLATN

£319 900 K
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Glass Slide Substrates
NAURY catalyst

s glass slide Al lunnmaaedldinszdidiog EDX wuqnisznaufiag
Na, Mg, Al, Si, Ca kaz O Aalua137199 2 uaadIuii slide Hilsznaudiag oxide

o 1 n:l”
1a9lanzAInaatl

A1519% 2. EDX analysis (K line) 284 glass slide

Element wt % at %
OK 47.68 61.17
Na K 8.72 7.78
Mg K 2.70 2.28
Al K 0.29 0.22
SiK 35.42 25.89
CaK 5.19 2.66
Total 100.00 100.00

naaasld glass slide W substrate wazNIN19dATIZH CNTs 71 900 K
Usngdnlaifl CNTs finau wansdnlaiannnsodainsnzif CNTs uu glass slide Tngl
198 catalyst 18 a9lén Fe filament T spark U glass slides aeinng spark 1
o :; dll Y a [~3 R r—‘ll a
U 1, 2, 10 uaz 100 AT Walinafly catalytic dots Iaeila spark aziia

- ~ g2 oo K
dots NgzaelLNNTANIS HAIUNAAARIANNILEN NTANTU UATHATUIU dots L
< a & ° o | & = |
NINTUANNNTIANT VB9 WIRATI NS spark ednglsfimu a1all dots I
. o dl a daj J o £ :// dl a [ 1% oqj o a
collide fiu dots MimTunewnlil dots visgedanAnriuld annuaiinnig

A9A312F CNTs 91 900 K AdHA199 SEM images lugiln 9 Tapazniidn a1uauaiy



EMSc CMLLL

EMSo CMLLL

5,000

1pm W 13 8mm

||'ll|-_ W 14.6mm
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EMSo CML)L

EMSn CML, g GOKY  MS0000  100nm WD 14.3mm

917 9. Fe-deposited dots A1 CNTs AUTAT 900 K 1114 dots 7 spark tluauou

(N-9) 1, 2, 10 kAT 100 AT ANNAAL
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_a\

NAUDIDUNNA

u

Tneld glass slides MN1N17 spark @71191 100 AFS wazin lldams=3f CNTs
Pguuni 700, 750, 800, 850 war 900 K LNBATMNQUUYNAIGANANTS
dunszd CNTs liflunadni3a uazlfuanes SEM images aAsuanslugiyn 10

700 K & CNTs BuAninuu dot laenanizil dot Adwwawinduvisalvnindn 1

LUm @i 750 K § CNTs 1Antustinedaau wilauinreuinedgis CNTs 7

b

o o‘dgld dgj d; a dgl dl 1 a =
ZNLﬁ?']zﬁull?.luqﬂil’\')‘llléLNﬂﬂﬂAVﬂﬂJZﬁ\?‘llu NILAASATUNIIN CNTs HUUNAN

a

< o o = N oA s
BRATNNURA L NNAULLAZENINANNU Iﬂﬂll growth rate 489 CNTs NANNNUUATINNNG

N TUIBIR U HNNIEIATEI wariAgegaLiu 2.14 x 107 Wm/s 11 900 K

W 14.0mm




I|'u|'-_- W 14.0mm

3 14 4mm
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YL} 14 Amm

EMSo CMLL

9171 10. SEM images 789 CNTs 7it/gnuu Fe-deposited dots #1 (n-a) 700, 750,
800, 850 WAL 900 K AINATALI
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NAURAY oxide

IAANHINAT8Y oxide MARBULY dots laBunuiaz spark WasduATIZ
CNTs siunwidausanimaaaadineuul 1@nan1s spark a9m Fe 1w glass slides

\{wdnuan 100 afsuaziaenliiinisin oxide uu dots nelsiRaulasing < new

=

n3daAszd CNTs W1 900 K uaczlfuanimmeasssiuandlugn 11 1ile

1 1
= =

Whreuauiy CNTs Ntgnudsainnis spark fiunngoamnimaaiy (U 10 a)

q U

W11 oxide NARADLLU dots WAAILNLNIANLNIANTagAan TtALIRUaY CNTs
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EMSn CML. 5 SOKY  WS000 1pm WD 140mm

o

917 11. CNTs NdaAzIiN 900 K LU Fe-deposited dots (N) &3tAsnziinasann

spark b&q 1 §Unn9F (1) dauasnzsinasann spark wasials 24 h lu alcohol
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Au-sputtered substrate

NN19 spark @M Fe LW Au-sputtered glass slide LazALEUNNTAILATIZH
CNTs 7 900 K Auana3 SEM image lugiln 12 wudnainnsndaaszi CNTs 15

EiTTalN

g WL 14.0mm

o

91/%1 12. SEM image 1949 CNTs Nd3A313LIU Au-sputtered slide
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ANBUSLANIZURI CNT

o

1417 CNTs AdaLAINZ9Tl 900 K ldadlis beaker Mil deionized water &g
ultrasonic vibration LazKien CNT-dispersed water U copper grid ﬁyﬂwuﬁﬂu
ambient atmosphere MHNaNAAEIUAI TEM Az SAED ﬁ”\ﬂugﬂﬂ' 13 WU surface
999 CNT fdnwauefifluuiy iregular Gaugnsieninalal perfect 189 CNT @
Andu nanAetlsznaudag  defects WAy disordering atoms SMINEILURS
diameter : thickness 784 CNT RAwilu 8 : 1 wazr SAED pattern Usznaumag
29nax 4 nsfaufufiganaiaetuszuny (0002 ), (1011), (0004 ) wa (1120)
Theis=unufisl intensity zgqﬁ@mﬂu (0002 ) \ileuReudieniu JCPDS software
[17] A¥ARAAARNIL carbon (hexagonal structure) LL@tL‘ﬂ’ﬂﬂ@ﬂﬂ diffraction rings 3

ansouy diffuse WAAYI1 CNT Usznaufiag disordering atoms



C20009
X20K

200.0KV 200 nm
CNTA2

“‘,,41150)

(0004)

C30020
120 cm
200.0 KV
CNT A3

(2)
317 13. (n) TEM image waz (2) SAED pattern 283 CNT M1d31A912991 900 K
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Tungsten Filament Substrates
SEM waz EDX

1%nsfnen SEM uaz EDX 14 filament Tanauuasudsnnsdainses
carbon nanorods (CNRs) 7l 900 K LLm”L’rﬁmmimmmﬁqLmﬂugﬂﬁ 14 uay 15
AaUNTIIMAARY substrate Aanwouziili wavy surface Waz MIQANLIH tungsten
Hugaulsenay naIN1INAREINLAN maximum growth rate 289 CNRs fAnfniy
‘Wfi\‘l order of magnitude Lfi’a acetylene flow rate Lﬁu“fumﬂ 0.1 1w 0.2 miss Tu
n1smaaesiisl CNRs Hulnlufirnising 7 HumdusinAudnansladifiu 100 nm
waziAaNe9De 3,600 nm daugili1aag CNRs SvaTRanEEnruarTie Ang
AA CNRs tfwuuy root growth mechanism WATRAN UL locally selective Tngl
N133LAIIZIAMY EDX point analysis WU31 CNRs Usznaufiag carbon i oxygen
WaY tungsten KaNatjAdeLantias Tusrndnan1sdainsnzii CNRs Sl 157 oxygen
81AN1AN impurity ﬁlmmgﬂu argon %38 oxygen a1auadaeat] i chamber T
35M99NNT preheat @13F20EN9 158 oxygen 81ALANIAINNIT reduction 284
chamber %x‘iﬁﬁ@ﬁ‘m high alumina porcelain Tnel hydrogen /1N acetylene

lusendnanns@nen EDX point analysis 111AU84 electron beam ﬁﬁlﬂmaiﬂdﬁ
2119289 CNR A imsaany oxygen Way tungsten Aael Imﬂﬁ’}ﬁlﬁ%ﬁﬂ\iﬁyﬂﬁﬂ
nausly tungsten oxide Warann vapor-liquid-solid mechanism viazi il 147
tungsten sub-oxide ‘171|L‘ﬂu liquid-solid seeds ﬁmﬁ’]ﬁﬂu catalytic particles [18]

TALIANEIULIANIY impurity Wae selective growth 1839 CNRs ATNUNLNANTT

anilane electrons 184 tungsten filaments A%
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Spectrum 1
iy
Wy
Wy Wy Wy
| T T T T T T T T T T T T T T T T T T T T
1 1 2 3 4 5 g 7 g ] 10
Full Scale 3148 cts Cursor: 0.000 ke L=

gﬂ'ﬁ 14. (n) SEM image Waz (1) EDX spectrum 284 tungsten filament Naun1e

NAABIN high temperature
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Spectrum 1

o} W
n W
T T T T T T T T T T T T T T T T T T T T T
0 1 2 ) 4 5i [} 7 g 9 10
Full Scale 1337 cts Cursor: 0.000 ke ket

(A)

317 15. SEM images 223 CNRs 7gnlu flowing Ar inasifog (n) 0.1 mi/s C,H,,

(1) 0.2 ml/s C,H, wag () EDX spectrum 2239 CNR ﬁﬂ@ﬂu Ar-0.2 ml/s C,H,

Field emission

1871n199m emission current (1) AARAINNNS applied voltage (V) 721919
copper anode (3.14 Cm2) lIlae CNR cathode ‘ﬁlﬁ’mﬁu 2.0 mm iuammﬂﬂﬁﬁﬁﬁ
ANNAL 10° torr WU field emission curves WAy AIMNANRNUFTTUING In (V)
waz (1/V) ﬁzﬁ“ﬂwmzﬁmmﬂugﬂﬁ' 16 na1aAa applied voltage - emission current
HAanerouziilunig emission 284 electrons @7n CNR cathode 6w vacuum lulsi
copper anode AMNANWUEIZNING In (IV) waz (1/V) HANNARAAREIALANNNT
284 Fowler-Nordheim [19-23] a1nns WL&@ma91 emission current §nANNANLAE
acetylene flow rate RNUIUTBY CNRS/W”u‘ﬁIaQ ANULLANIZUBY CNRs LLm%Iu ]

Imel electrons @1 emit a7N tips 183 CNRs wae wavy surface 284 tungsten

v Y v
==&

filament lAviat@uasiil work function A1 conductivity AN perfect 189 CNRs
LL@:ﬁﬁlu 7 N7 emit 1B current @:Lﬁu'sﬁ”ummmﬁﬁvumm applied voltage ‘7; 50V
(electric field intensity = 0.025 V/lUm) a¢lii least emission current &115U 0.1
waz 0.2 mifs C,H, HAWWINAY 0.3 uay 0.2 LA ANNAAL lumsmaaesiiliiing

9% field emission 284 CNRs Ndamszsfuu tungsten filament 1a9uaan lniinTag
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40
—o— 0.1mls" C,H,
-1
—a— 02mls” C,H,
30 4
<E{_ 20 -
10 A
0 ; ; ; ;
0 50 100 150 200 250 300
V (V)
(n)
-7
—o— 0.1 mls" CH,
° —a— 02mls" CH,
A
S 8
>
<
3.
o
2
£ o
-10

: : : : : : : : :

002 .004 .006 .008 .010 .012 .014 016 .018 .020 .022
-1

1V (V)

(1)
gﬂﬁ 16. (N) Field-emission curves kAL (1) Fowler-Nordheim plots 189 CNRs f

A1A973IN 900 K T Ar - 0.1 waz 0.2 mi/s C,H,
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SAED wag TEM

o

1511 CNRs fidaiasesii 900 K ldaslu beaker #iil deionized water &g
ultrasonic vibration wazuielm CNR-dispersed water U1 copper grid ﬁ”ﬂﬁuﬁ\ﬂu
ambient atmosphere 1ANadAINTiI8e SAED pattern Az TEM image Aa@and i
gﬂ'ﬁ' 17 AMNNN3ANE SAED pattern [24] WUANHAMNARAAGRIALTIWNL (102 )

(102), (110), (110) waz (012) s nglunisdnsouuy hexagonal 199

)}

carbon atoms el diffracting spot ﬁ@giﬂaqmmmﬂﬁmﬁm:mu (114) §u
Frunniliiszdneaes directions la 7 fiAugenakesiu diffraction pattern 7
dsnguu fim uazA1 d-spacing fvnann  (hkl ) Srnuaenadestuilgann
oattern 1k film WANANNTLUNL (170) WAL (170 ) Wn1mmaaesi electron beam
analaisaanniy graphite plane aggufiaze N lAAAEY asymmetric diffraction
pattern UAZEINLANGY zone axis Bgiluiie 2217 Sl AN uiLEeLR LA
211U electron beam

TEM image uamaliisiuiluuou dark waz lignt Iagldd hole nnelu LD
dasinanily rods MRdiuAuTnane 18 uaz 43 nm vide lu rods Aa
WusnAugnane 26 uar 35 nm fauiuiy Iasiouanyes rods Senuniziill

ANLENBLEMI91 carbon nanorod Rl perfect



(102)-

(110)

(110)

(012)

P 0001 o
X 500 K 10 nm
200.0 kV

WOCNT

(1)

32

917 17. () SAED pattern 289 CNR N4a1A91z1i i Ar-0.2 ml/s C,H, uaz (1) TEM

image 189 CNRs 7

o

N

AL Ar- 0.1 mi/s C,H,
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nsdaLAgIzIt CNTs 1meld Iron Oxide 1ilu Catalyst

TEM

TEM image 284 product Msizenlagldh ethanol vapor NesdniL argon LA
N3 decomposition 1ila ball-milled Fe,O, powder # 650 °C HANHMzAILAAT Y

gUn 18 wudn CONT iluuuy multi-walls YisRouanuazialulanwe rough

=

dagannnisi oxygen Wag water vapor A1NN13 decomposition 283 ethanol Ingl

v
yvaa

product NAUN disordering atoms Aaeiduiu Iaesiald roughness il surface
property d3N mechanical interlocking 9¢%1914 CNTs WAy matrix 1 reinforced

composites

o

g‘ﬂﬁ 18. TEM image 284 product (as-grown) Ndatasnziilaalii ethanolic vapor

J
N
°C

way argon Huliluu Fe,0, (ball-milled) 71 650



34

SEM uaz EDX

lunsmaaesiiasanuing catalytic particles Farsauandlifnagneslugyd
19 Gaflunsinifiaes tip-growth mode WuEnAusNaNTes CNTs agflugaq 30-
50 nm uenaniidelinnnsdaameiiagld as-received Fe,0, powder faiuiii
(Wlfuansuannaas) uasiiduenAudnatezes CNTs agludas 100-300 nm Tng
ball-milling Al stress way crack L Fe,O, powder %Q%ﬁ’mﬁ’]ﬁlﬂu nano-
sized catalyst WAZHLMLIMABIWIATEY CNTs wenannideliuamaiunniaes
CNTs fidaiaszsilng single batch 18114 beaker fiag N1331AT1Z3iAME EDX Bam9n

% at 184 carbon, oxygen WAz iron WAL 97, 2.5 waz 0.5 AMNANAL

e

- PRl =
EMSe CMU. SEI 150KV ¥50,000 100nm WD 15.0mm

o

gﬂﬁ 19. SEM image 184 product (as-grown) kag 80 ml CNTs Nfuaszilag

single batch
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XRD

XRD spectra 489 products (as-grown Wae purified) 15LL@®Q1§1ugﬂﬁ 20
AMNNNIATIAADL peaks NUINAANNABAAREITL CNTs, OL-Fe WAy Fe,C Lapaan
Fe,0, MUfsenU ethanol Wintlu Fe uaz Fe,C uazardaingdn strongest peak
289 CNTs 1AA7 26.2 deg Tiilunng diffraction 284 x-ray a1n3=u1L (002) 184

=K dl = o | a A . 1
NAN WHelUTELRIUTUTZIGNg products aa3TUAAR as-grown WAL purified WUAN
XRD intensity 984 purified product HA14aNgA N19AIANL OL-Fe 1Az Fe,C AN
XRD spectra HHAMNEAAERITLNATEY SEM image Nuand catalytic particles #

tips U89 CNTs AUnantuand CNTs 1AuTnlaeng decomposition 94 Fe,C 1l

Fe Way graphite Uiy [17]

6 h
(purified)

Intensity (a.u.)

6 h
3h

0 10 20 30 40 50 60 70 80
2 Theta (deg.)

gﬂﬁ 20. XRD spectra 184 products (as-grown Wag purified) ludaaia1ns

AIUATIZITFN I
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N159LAS1Z3 Raman

Raman spectrum 284 CNTs (as-grown) @9 analyze Taald 488 nm
excitation wavelength 5uanal3lugii 21 Iaalfinssany D- uaz G-bands HinTu
J

N 1,344 uaz 1,572 cm’' ANNATAL LAY intensity U849 peaks Ha&a9RTANINALAL

AUNINLIBIANNHATR4 surface roughness WA amorphous phase Tw product

D band G band

Intensity (a.u.)

1200 1300 1400 1504 1600

Raman shift {cm'l}

g‘ﬂﬁ 21. Raman spectrum 483 CNTs (as-grown)

TGA

TGA curves 189 CNTs 48 MWNTs ﬁzﬁ’dmmwﬁmﬂ% Fe,O, [as-received
(A) LAz ball-milled (B)] powder ﬁqtmm\ﬂugﬂﬁ 22 1agl curves 475U A-CNTS WA
B-CNTs W&n4 weight loss Tuia9gmuuni 497-953 °C way 497-741 °C AINaTsL
iaeannnng evaporation 489 carbon L&A1 A-CNTs Haunaluninin B-CNTs

E4
o o .

Aa1il oxidation Y38 evaporation rate 815U A-CNTs A9iaen3a1d8 15U B-CNTs 7
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[ =

|
h

MWNTs prepared from:

Relative Mass (%)
]

95| — as-received catalyst A
=== ball-milled catalyst '1‘
‘\
1!
0 200 400 600 800 1000

Temperature (°C)

o

917 22. TGA curves 784 CNTs 158 MWNTs Ndatas1ziiuy Fe,0, (as-received

Ay ball-milled) powders

Carbon yield

o

AR carbon vield @S B-CNTs ndaaszfliuu 1.0 g ball-

milled Fe,O, tne/lfannis
Carbon yield (wt %) = [Wr / W] X 100

e Wy ps = Weight 189 CNTs (as-grown) Talgu weight U84 catalyst

was W, = approximate weight 484 catalyst
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warlinasuandluglil 23 Tawazwudn carbon yield SAnfinduautiegn
maximum Wiy 354 wt % (3.18 g as-grown CNTs) finanisdaaszivindu 6 h
AN optimum yield TP nannAXeIfuil maximum XRD intensity 1494 purified
CNTs # 6 h ufu fnaniedansziurundnil carbon yield azeat | aARY

893NN AAAST B catalytic activity

Carbon Yield (a.u.)

I I 1 1
0 100 200 300 400 500

Reaction Time (min.)

717 23. Carbon yield M981N1949LATIZIH ]

U
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N1589LAT1E9% MWNTs Taeld Nickel Oxide 13lu Catalyst

Phase wag morphology

gﬂ‘ﬁ' 24 uamAs SEM image 183 MWNTs (as-grown) ﬁﬁﬁﬁumquﬁﬂmq 20-
50 nm waziiANENaRNNGY 10,000 nm Thinduna@ed bright contrast AT
LA uvitedal Ni catalyst a1nN17AN®I XRD spectra 284 MWNTs Aduandlis
gﬂ“ﬁl 25 WL peak WANT 26.2 deg Aanndatiul carbon dau peaks tlaeil 44.5,
51.8 AT 76.4 deg AANN@anA&asriu FCC structure 284 Ni catalyst wana ¥
faAuEnnARaITUsEINNHATES XRD spectra Way SEM image Wialiaanis
NARBAUANINNTY peak wdNasfiuuTtinfindy dou peaks tiosfiuualiinanas
frufunsdanmzin 18 h 1Huanslififiudn peak MANNANEUzAaWdNe broad
LAR99T defect RRNANTL

TEM image WAy SAED pattern 289 MWNT ‘Lugﬂﬁ' 26 WARSMALTIND
graphitic layer uazi defect tihadniieatlsnguu TEM image Taei SAED
pattern UPNARAARDIALIZUNL (002), (101), (004) way (110) UBY carbon

(hexagonal structure)




o/

9191 24. SEM image 199 MWNTs (as-grown) #143tas1z 11981 6 h

Intensity (arb. units)

2¢ (deg.)

o

gﬂ‘ﬁ 25. XRD spectra 193 MWNTSs (as-grown) nduaszflunan 1-18 h

gﬂﬁ 26. TEM image wag SAED pattern 283 MWNT (individual)

40



41

Vibrational mode

Raman spectra 1934 MWNTs @Tﬂugﬂ‘ﬁl 27 WARY peaks ‘ﬁl 1,349, 1,576 wa
1,605 cm’” %qﬁmqmmméﬁmﬁ’u D-band (disorder-induced vibrational mode),
G-band (in-plane carbon stretching mode) Way shoulder (S) 289 G-band
(associated with defects) [25] AMNAAL Loz liudnaens @ intensity (1) 289 D-
waT G-bands (I,/l,) WALU89 S- LAy G-bands (/1) lumsned 3 Tne I/l {A

zal 49, o/ o‘all 4:‘ 491 1 a A a
PANAUATNLIDTINITAIATIEUN NN bb6 |S/|G HATLNAUANLAN

G-band

Intensity (arb. units)
-

D ey
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman shift (em’")
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